A short review on the next-generation experiments aiming to study the neutrinos produced in cosmic-ray induced atmospheric showers is presented. The projects currently proposed rely on different complementary detection techniques, from the successful water Cherenkov and magnetized tracko-calorimeter techniques to the more innovative Liquid Argon technology. As all of the proposed detectors must be deeply buried to mitigate the atmospheric muon background, many experiments are expected to be placed deep underground. Following the neutrino telescope approach, the largest ones will be located deep under the sea/ice. Several future projects are part of a wider physics program which includes a neutrino beam. For such cases, the focus is put on the expected performances with only using atmospheric neutrinos.
Introduction
Important progress has been made in the past two decades on determining the fundamental properties of the neutrino. A variety of experiments using solar, atmospheric, reactor and accelerator neutrinos, spanning energies from the MeV to the GeV, have provided compelling evidence for neutrino oscillations, implying the existence of non-zero neutrino masses (see e.g. Refs. [1, 2] for recent reviews on the subject).
In the standard 3ν scheme, the mixing of the neutrino flavour eigenstates (ν e , ν µ , ν τ ) into the mass eigenstates (ν 1 , ν 2 , ν 3 ) is described by the Pontecorvo-Maki-Nakagawa-Sakata (PMNS) matrix U which is a product of three rotation matrices (related to the mixing angles θ 12 , θ 13 and θ 23 ) and a diagonal matrix containing the complex CP phase 
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Oscillation experiments are not sensitive to the absolute value of the neutrino masses but they provide measurements of the squared-mass splittings ∆m At present, the values of all mixing angles and squared-mass differences can be extracted from global fits of available data with a precision better than 15% [3] [4] [5] . While sin 2 θ 12 and sin 2 θ 13 are known with a fractional error of 5.4% and 8.5% respectively, the largest remaining uncertainty currently relates to the mixing angle θ 23 , with an error of ∼10% on sin 2 θ 23 . It is in particular worth noticing that the octant of this angle (i.e. whether θ 23 is smaller or larger than π /4) is currently unknown. This is particularly relevant in the context of the determination of the NMH by atmospheric detectors. In general, the impact of the current parameter uncertainties is briefly discussed at the end of Section 2.1.
The recent observation of ν e disappearance in several shortbaseline reactor experiments [6] [7] [8] has provided the first highsignificance measurement of the mixing angle θ 13 . The relatively large value of this parameter, sin 2 (2θ 13 ) ≃ 0.1, is an asset for the subsequent searches for the remaining major unknowns in the neutrino sector, and in particular for the determination of the neutrino mass hierarchy (NMH).
The ordering of neutrino mass eigenstates is indeed not determined so far. While ∆m 2 21 > 0 is fixed by matter effect resonance in the Sun, two solutions remain possible for ∆m From a theoretical point of view, the determination of the NMH is of fundamental importance to constrain the theoretical models that seek to explain the origin of mass in the leptonic sector and the differences in the mass spectra of all elementary particles. More practically, it has also become a primary experimental goal because the NMH can have a strong impact on the potential performances of next-generation experiments with respect to the determination of other unknown parameters such as the CP phase δ (related to the presence of CP-violating processes in the leptonic sector), the absolute value of the neutrino masses, and their Dirac or Majorana nature (as probed in neutrinoless double beta decay experiments, or 0νββ).
While the combination of 0νββ and direct neutrino mass experiments with cosmological constraints on Σ ν m ν might have an indirect sensitivity to the NMH, most of the efforts currently focus on the determination of NMH via neutrino oscillation experiments (see e.g. Section 3.1 of Ref. [2] for an overview of the subject). One option uses medium-baseline (∼50 km) reactor experiments such as JUNO and RENO-50, which probe the ν e survival probability via vacuum oscillations in the low energy (∼ MeV) regime [9] . These experiments may be sensitive to the NMH through the interference effects arising from the combination of the fast oscillations driven by ∆m Another appealing strategy consists in probing the ν µ ↔ ν e oscillations (either via the study of the ν µ survival probability or through the observation of ν e appearance), which are directly sensitive to the ∆m 2 31 splitting. As will be detailed in the next section, this option requires long oscillation baselines and matter effects that essentially affect the ν e -component of the propagation eigenstates. This is the oscillation channel that upcoming (such as NOνA [10] in combination with T2K [11] ) and next-generation (such as CHIPS [12] , LBNE [13] and LBNO [14] ) accelerator neutrino experiments will be concentrating on. It is also the most relevant one for atmospheric neutrino experiments. Comparing the three approaches, one can say in short that:
• Reactor experiments could start earlier than other projects, but they require a challenging accuracy both in the relative energy resolution and in the absolute energy scale calibration.
• Accelerator-based experiments would achieve the ultimate precision on both the NMH and oscillation parameters, but are foreseen on a longer timescale.
• Atmospheric neutrino experiments can run in intermediate time scale with a good sensitivity as it will be further developed in this paper. Nonetheless, for these experiments, angular and energy resolutions are also crucial.
A more detailed comparison of the potential future projects to measure the NMH and the corresponding timelines can be found in Refs [15, 16] .
While the physics program of atmospheric neutrino detectors covers a large range of topics including nucleon decay searches, studies of solar neutrinos, supernovae neutrinos as well as highenergy neutrinos from cosmic origin, or even indirect searches for dark matter, in this paper, the NMH will be the main thread of the discussion. The paper is therefore organized in the following way: in Section 2, general considerations about the phenomenology of matter effects related to the question of the NMH are briefly presented, together with some remarks on the statistical approach for expressing the sensitivity to the NMH. The future projects based on the water Cherenkov technique are presented in Section 3, starting with underground detectors and followed by deep-sea(ice) projects. Future projects of magnetized iron trackers are presented in Section 4. For completeness, we also shortly mention, in Section 5, the potentials brought by future Liquid Argon Time Projection Chamber (LAr TPC) in the study of atmospheric neutrinos.
General considerations

Matter effects
In the 3ν framework, the ν µ ↔ ν e transition probability in vacuum can be approximated by the following formula:
where E ν is the neutrino energy and L stands for the oscillation baseline. For atmospheric neutrinos, the baseline is the distance between the neutrino production point in the atmosphere and the interaction point in the detector. For upward going neutrinos through the Earth sphere, this distance is proportional to the cosine of the zenith angle cos θ . Relation (2) establishes the direct link between the transition probability and the value of θ 13 ; it also shows that the ν µ ↔ ν e transition in vacuum is at first order insensitive to the sign of ∆m 2 31 . This sign can however be revealed once matter effects come into play along the neutrino propagation path. Contrary to the other flavours, the ν e component can indeed undergo charged-current (CC) interactions with the electrons in matter and consequently acquire an effective potential A = ± √ 2G F N e , where N e is the electron number density of the medium, G F is the Fermi constant and the +(−) sign is for ν e (ν e ). In the case of neutrinos propagating in a medium with constant density, the ν µ ↔ ν e transition probability now reads
2 This expression is obtained under the assumption The solid and dashed lines are for NH and IH, respectively. Left panel is for neutrinos, and right panel is for anti-neutrinos (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) Source: Taken from Ref. [24] .
as a function of the effective neutrino mixing parameters in matter: (6) where ρ is the matter density of the medium. This is the so-called Mikheev-Smirnov-Wolfenstein (MSW) effect. For neutrinos passing through the Earth's mantle (core) the resonance will appear around 7 GeV (3 GeV), which explains why atmospheric neutrinos are an appropriate probe for these effects [17] . In the case of neutrinos crossing the Earth core, new resonance-like effects become possible in the ν µ → ν e and ν e → ν µ(τ ) (orν µ →ν e and ν e →ν µ(τ ) ) transitions [1, [18] [19] [20] [21] [22] [23] . For ∆m (ν e → ν µ ) can be maximal (≃ sin 2 θ 23 ), due to the effect of maximal constructive interference between the amplitudes of the ν e → ν µ(τ ) transitions in the Earth mantle and in the Earth core. The effect differs from the MSW one and the enhancement happens at a value of the energy between the MSW resonance energies corresponding to the density in the mantle and that of the core, or at a value of the resonance density N res e which lies between the values of N e in the mantle and in the core [18] . In Refs. [18, 19] the enhancement is called neutrino oscillation length resonance, while in Refs. [20, 21] it is called parametric resonance. For ∆m 2 31 < 0 this enhancement can take place for the anti-neutrino transitions, ν µ →ν e andν e →ν µ(τ ) .
As an illustration, oscillation curves P(ν x → ν µ ) (x = e, µ), as extracted from Ref. [24] , are shown in Fig. 2 for various zenith angles θ (i.e. various baselines) as a function of the neutrino energy, both for neutrinos and anti-neutrinos. In each case, both NMH hypotheses are represented. The largest modifications of the oscillation probabilities due to matter effects are in the resonance region
In the region cos θ > 0.83 and E ν < 7 GeV, the effect of the parametric enhancement of the oscillations for the neutrino trajectories crossing the Earth's core can also be seen.
Above ∼15 GeV, the ν e → ν µ transition probability becomes very small and differences from distinct NMHs tend to disappear as well. Incidentally, it is worth noticing that this justifies the approximation of a 2-flavour ν µ → ν τ oscillation scheme adopted by highenergy atmospheric neutrino experiments where: Fig. 2 shows that to first order, the effect for neutrinos in the NH scheme is the same as for anti-neutrinos in the IH scheme. Nevertheless, and even in the case of non-magnetized detectors which cannot distinguish between neutrinos and anti-neutrinos, a net asymmetry in the combined (ν + ν) event rates between NH and IH for a given flavour can be observed. This mainly comes from the fact that in the relevant GeV energy range the CC cross-section is different of about a factor of 2 (see Fig. 3 ) for neutrinos and antineutrinos. In addition, the flux of atmospheric neutrino is about 30% higher than that of anti-neutrinos, as shown in Fig. 4 . As a consequence a net difference is expected in the number of neutrino and anti-neutrino events. This difference allows to distinguish between the two hierarchies. The relative contribution of ν e and ν µ in the steeply falling atmospheric neutrino spectrum, also affects the number of events of each flavour that can be expected at the detector level. Source: Taken from Ref. [26] .
To first order (see Section 3.1.2 for more details), the atmospheric flux of ν e of energy E ν which reach the detector after crossing the Earth along a given trajectory, Φ ν e (E ν , θ ) is given by the expression [17] :
where
(E ν , θ ) is the ν e(µ) flux at the production point in the atmosphere, P 2ν = sin 2 2θ
 is the ν e disappearance probability in a 2ν scheme, and
As shown in Fig. 4 , the ratio r is close to 2 around 1 GeV, which tends to suppress the matter effects. This is referred to as the ''screening effect'' in Ref. [24] . However, for multi-GeV events, the ratio increases, which could on the contrary enhance the effects as stated in Ref. [17] for the benefit of experiments like superkamiokande (and the proposed hyper-kamiokande). These collaborations have indeed paid careful attention to the electron neutrino channel, because of the good resolutions they can achieve for this topology in the multi-GeV range [27, 28] . On the other hand, several authors have anticipated that deep-sea(ice) Neutrino Telescopes have a worse angular resolution for cascade-like events (including ν e ) than for track-like events (ν µ ) and therefore concentrated on the muon channel to determine the sensitivity to the NMH [24, [29] [30] [31] [32] . In fact, both pingu and orca groups have recently realized the importance of the electron channel as described in Section 3.2.
The full oscillation effect in the electron neutrino appearance channel has been analytically computed as [33] :
where the first, second, and third terms are referred to as the ''solar term'', ''interference term'', and ''θ 13 resonance term'', respectively. P 2 is the two neutrino transition probability of (ν e → ν x ) where ν x = sin θ 23 ν µ + cos θ 23 ν τ and is driven by the solar neutrino mass Another important aspect when computing the oscillation probabilities is to properly account for the uncertainties on the oscillation parameters, as they produce degeneracies. In Fig. 5 the oscillations curves for neutrinos and anti-neutrinos are reproduced accounting for the present uncertainties on the main parameters [5] . These uncertainties are taken into account as nuisance parameters when evaluating the sensitivity to the NMH. Other sources of systematics such as the uncertainties on the atmospheric spectra, the uncertainties of the Earth matter density profile, or the unknown δ CP phase are briefly discussed in Section 3.4.
Remarks on the statistical method to estimate the sensitivity to the NMH
Recent concerns have been expressed in the literature about the method used to evaluate the sensitivity to the NMH [34] . A standard (frequentist) approach followed by several projects is to assume one hypothesis H 0 and evaluate the discrimination power against the alternative hypothesis H 1 . The mirror procedure should then also be applied (i.e. to assess the discrimination against H 0 under the assumption that H 1 is true) to fully address the problem.
In order to test whether some experimental data can exclude a given hypothesis, a test statistic TS is generally used. 
NH in the case of the NMH) or analogously a likelihood ratio. Let us denote TS IH (TS NH ) the value of the test statistic under the assumption that the IH (NH) is the true one. Under certain conditions, one can demonstrate (e.g. [35] ) that the distribution of TS is a normal distribution given by;
where TS 0 is the average value and σ is the standard deviation.
Knowing the probability density function of TS IH , one can compute the critical value TS c for which the hypothesis IH can be rejected with a confidence level CL = 1 − α, where α is given by:
The quantity α is generally translated in terms of number of Gaussian σ (1-sided or 2-sided is a matter of convention).
This gives the probability of obtaining the observed TS assuming the IH. To complement this information, one needs to know the probability to observe this value of the TS when the NH is assumed. This is given by :
The quantity (1 − β) is referred to as the power of the test, and relates to the probability β to accept the IH when it is not the true one.
This formalism allows to define the sensitivity of an average experiment by computing the CL for a power of 50% (i.e. for TS c = TS 0 ). This is often called the median sensitivity and will be of use in what follows. At this stage, it is worth noticing that, under these assumptions, it is easy to demonstrate that the median sensitivity can be expressed in terms of standard deviations as:
We follow this approach in the rest of the text in order to ease the comparison between experiments. The question whether this approach satisfactorily addresses the capacity of an experiment to determine the NMH goes beyond the scope of these proceedings. It is discussed in Refs. [36, 37] together with the question of the Bayesian approach.
Cherenkov detectors
Large water Cherenkov detectors are successful experiments for the study of atmospheric neutrinos in a wide energy range. Densely equipped underground detectors (see Section 3.1) have sub-GeV energy thresholds while deep-sea(ice) detectors (Section 3.2) have much larger effective masses but higher energy thresholds (tens of GeV) due to the sparser distribution of the sensors. As already stated, the large measured value of θ 13 allows the possibility to determine the NMH in the GeV range. In order to achieve this goal, underground detectors must grow in size and deep-sea(ice) telescopes must be more densely instrumented denser to lower their detection threshold. We discuss the status and prospect of each detector type in the following subsections.
Underground water cherenkov detectors
This section is devoted to the physics potential, studying atmospheric neutrinos, of future large underground water Cherenkov detectors. The sensitivity to the NMH and the octant of θ 23 with 10 additional years of data taking with super-kamiokande detector is first briefly discussed in Section 3.1.1. The focus is then placed onto the proposed hyper-kamiokande project (Section 3.1.2) considered as a potential successor of the super-kamiokande experiment. Finally, the memphys studies performed in the framework of the laguna-lbno project are briefly mentioned (Section 3.1.3).
super-kamiokande
The super-kamionkande experiment was the first to report a conclusive measurement of the oscillations in the atmospheric sector, in 1998 [38] . Since then, the detector has collected more than 11 years of data, offering unprecedented sensitivity to atmospheric neutrinos. The detector is a large underground cylindrical water Cherenkov tank (40 m height) with an inner-detector instrumented with 11,146 20-inch photomultipliers (PMTs) and an outer veto made of 1,885 8-inch PMTs. The total fiducial volume used in the analyses mentioned in this section amounts to 22.5 kt. A detailed description of the detector can be found in Ref. [39] .
The most recent oscillation studies from super-kamiokande are 3-flavour analyses which include all oscillation parameters and matter effects, as well a recent constraint on sin 2 θ 13 . The analysed data include all the event topologies: fully contained events (from few hundred MeV to a few GeV), partially contained events with their vertices included in the fiducial volume (from a few GeV to tens of GeV) and upward-going muons (from a few GeV up to hundreds of GeV). Such treatment of the data has allowed the collaboration to recently report evidence for tau neutrino appearance [40] . Table 1 for different assumed values of the true θ 23 . It is therefore unlikely that these parameters can be determined with a high significance in the 10 coming years with super-kamiokande. Nevertheless the collaboration plans to operate the detector for at least the next decade, as many other important physics topics can be addressed.
hyper-kamiokande
The continuation of the successful super-kamiokande can also be the construction, close by, of an even larger detector based on the same well-established technology: the multi-purpose hyperkamiokande experiment. The design, which is illustrated on Fig. 7 , comprises two identical lying tanks of 48 (width) × 54 (height)m 2 egg-shaped cross section with horizontal length of 250 m. These dimensions offer an increase by a factor 25 in the fiducial volume reaching a value of 0.56 Mt (the total mass being almost 1 Mt). The outer detector (2 m thick) will be monitored by 25,000 8-inch PMTs, while the inner detector is segmented into 10 sub-detectors and will be monitored by a total of 99,000 20-inch PMTs, providing a 20% photo-cathode coverage area. • ). The hyper-kamiokande group has published a comprehensive letter of intent [28] in which studies on the baseline detector design as well as physics potential in other channels are extensively discussed. Most of the informations summarized in this section are extracted from it. The main purpose of the study of neutrino interactions from the beam is the measurement of the CP phase δ CP through differences in the ν µ → ν e andν µ →ν e channels. Concerning the NMH, the sensitivity is modest due to the moderate baseline which does not permit the full development of matter-enhanced effects. Better sensitivity arises with the study of atmospheric data thanks to the large effective mass, the efficient shielding against cosmic ray backgrounds and the good particle ID capabilities.
The sensitivity essentially comes from the ν µ → ν e enhanced appearance due to matter effects. 3 These mostly apply to upwardgoing events.
The ratios
, as defined in relation (11) 
memphys
The memphys (megaton mass physics) detector is a proposed large-scale water Cherenkov apparatus to be operated deep underground. It has been studied in the framework of the LAGUNA EU-FP7 Design Study program [43] . One of the locations envisaged for the detector is the Fréjus site, next to Laboratoire Souterrain de Modane (LSM laboratory), in the tunnel connecting France to Italy with a rock overburden of 4800 m.w.e. In the latest design the detector is made of 2 identical modules of 103 m height and 65 m diameter, for a total fiducial volume 0.5 Mt. Each module comprises 120,000 8 ′′ or 10 ′′ PMTs with an assumed 30% optical coverage. Among other topics, the detector is also designed for the observation of neutrinos from an artificial beam with the goal to measure the CP violating phase and the NMH. In this respect, the main performances, obtained with a full Monte Carlo simulation, of the memphys detector are presented in Ref. [44] . There is no similar report for what concerns the performance related to the atmospheric neutrinos, but these can easily be inferred from that of hyper-kamiokande, presented in the previous paragraph.
The current priority of the laguna-lbno collaboration is to concentrate on the Liquid Argon technology (see Section 5), which was investigated in parallel in the Design Study.
Deep-sea(ice) Cherenkov detectors
Deep-sea(ice) Cherenkov detectors such as icecube [45] or antares [46] , usually called Neutrino Telescopes (NT) are primarily intended for the search and study of high-energy cosmic neutrinos in the TeV-PeV range (see [47, 48] for a review of recent results in the field). Nevertheless both experiments have demonstrated their capability to measure neutrino oscillations by studying atmospheric neutrinos with an energy threshold around 20 GeV. The first published results in this domain are briefly recalled in Section 3.2.1 (see Ref. [49] for a review on this subject). The focus is then placed (Section 3.2.2) on envisaged low energy extensions whose main goal is not only to provide more accurate mixing parameter measurements, but also to possibly determine the NMH, as suggested by several authors (e.g. [24, 29] ).
First oscillation studies
In the simplified framework of vacuum oscillations between two flavours (ν µ to ν τ ), which can safely be adopted for atmospheric neutrinos above 15 GeV, the ν µ survival probability can be written as in Eq. (7). Considering the current best values of ∆m 2 23 and sin 2 2θ 23 , the first oscillation maximum is found for vertical upgoing neutrinos near E ν = 24 GeV, leading to a suppression of vertical upgoing muon neutrinos around this energy. The oscillation parameters are thus inferred from the observed neutrino energy and the reconstructed incoming zenith angle distributions, the energy being often estimated from the observed muon range in the detector.
The first analysis of that kind was published by the antares collaboration [50] , using data taken from 2007 to 2010, for an overall live time of 863 days. This was followed by several icecube independent analyses, all of them using one year of data. In the first one [51] , the approach is somewhat similar to that of antares, as two data samples are used: a low-energy one (E ν < 100 GeV) and a high-energy one (unoscillated) used to mitigate some systematics. The two subsequent analyses, presented in Ref. [47] , offer slightly improved results, as can be seen in Fig. 10 . The plots show the 90% C.L. contours of the above mentioned studies, together with some comparisons with other experiments. The four studies are presently statistically limited and it is to be expected that the measurement accuracy improves (at least considering the limited statistics used so far by the icecube collaboration) in the coming years. Nevertheless, in order to be competitive with the current best experiments, detector upgrades are required which imply a denser distribution of optical sensors. 
The PINGU and ORCA detectors
The planned low energy extension of the icecube neutrino telescope is called pingu, standing for Precision IceCube Next Generation Upgrade. Various geometries with 20-40 strings holding upgraded optical sensors are under consideration. The new detector strings should be deployed inside the existing icecube/ deepcore, as show in the left panel of Fig. 11 . The strings would be equipped with 60 optical modules (OM) each with various improvements including a simplified digitization scheme and an upgraded system of calibration [52] . The envisaged spacing between OMs along one string is 5 m and the inter-spacing between strings would be 20-25 m. Based on the experience from icecube deployments, such a detector could be deployed, if funded, by 2020. The total estimated cost, including contingency and salaries, is of order of 60-80 M$ [53] .
The successor of the antares neutrino telescope will be a multi-site detector dubbed KM3NeT [54] with an instrumented volume of several cubic kilometers. Funds for a first phase of the project, corresponding to about 20% of the total budget, are already secured. A dedicated study for the operation on a single site of a low energy detector christened ORCA (Oscillation Research with Cosmics in the Abyss) is currently being pursued [55, 56] . To start simulations, a possible detector geometry, so-called ''reference detector'', consisting of 1000 OMs distributed over 50 strings Fig. 11 shows an exploded view of such an OM. This OM configuration offers enhanced photon counting capability and provides better directional information than larger photomultiplier tubes, which can then be exploited in reconstruction algorithms and for background rejection. A prototype of such a multi-PMT OM has been recently integrated in the antares instrumentation line. The successful operation [57] of this first multi-PMT module demonstrates the improved capabilities of the optical modules of the future neutrino telescope. In order to permit the deployment of several detection units in one sea campaign, new techniques have been developed. The collaboration has recently proposed to build a detector of 115 strings of 18 optical modules each. For the same spacing of that of the reference detector, this corresponds to an effective mass of 3.75 Mt. This proposed detector could be built in 4 years, with an investment budget of 40 Me.
Expected performances
The key parameters for the determination of the NMH are the effective mass and the detector performances for estimating the zenith angle and energy of the incoming neutrino. The studies performed by the pingu and orca groups rely on full Monte Carlo simulations adapted from icecube and antares. Two distinct topologies can be considered: tracks and cascades. Cascades are generated by hadronic or electromagnetic showers developing inside the detector. They are therefore induced by ν e charged current (CC) interactions and neutral current (NC) interactions of neutrinos of any flavour. Whenever a track can be fitted in addition to the observed shower, the topology can be referred to as tracklike. This generally happens for ν µ CC interactions, as well as for ν τ CC interactions when the tau decays into a muonic channel. In the case of pingu a simultaneous global likelihood fit of the interaction vertex position and time, the zenith and azimuthal angles, the energy of the cascade at the vertex, and the length of the daughter muon, is performed. Following this approach, the performances obtained for cascades and tracks are quite similar [32] . In the case of orca the reconstruction strategies, both for tracks and cascades, are adapted from antares and are not yet optimized. For cascade events, the neutrino energy is estimated by counting the number of optical modules which have at least one selected signal-like hit.
The currently achieved zenith angle resolutions of both orca and pingu are presented in Fig. 12 (shown for tracks) . The plots indicate a better angular resolution obtained in sea water (orca) compared to the ice (pingu). The difference is due to the scattering of Cherenkov light, which is higher in ice. In water, the mismatch between reconstructed muon and true neutrino direction is dominated by the intrinsic contribution, except at lowest energies. On the contrary, it is likely that ice acts as a better calorimeter than water because of higher light diffusion which allows a higher fraction of photons to be detected by the OMs. 4 Therefore the energy estimate can be better in ice. A median muon neutrino energy resolution as good as 20% is obtained above 10 GeV in the case of pingu, for events interacting inside the fiducial volume. The orca energy estimate is currently based on the reconstructed muon track length only. This approach is problematic in cases where the muon leaves the detector volume (semi-contained events), or in events of large inelasticity, i.e. when a large fraction of the neutrino energy goes into the hadronic system. The resulting reconstructed neutrino energy has a median offset from E ν of about 1 GeV at E ν = 6 GeV, rising to 3 GeV (10 GeV) for E ν = 10 GeV (20 GeV). An improvement of the energy resolution is expected from properly taking into account the hadronic system. The event selections associated to the detector resolutions described above correspond to the effective masses shown in Fig. 13 . In both cases, a plateau is reached around 10 GeV.
An important source of background comes from atmospheric muons penetrating the detector and reconstructed as up-going. While pingu collaboration do not anticipate contamination from this particular source of background thanks to the possibility of vetoing events with the surrounding icecube/deepcore, this has been investigated further in orca [56] . The rejection of muon background seems well within reach applying cuts on the reconstruction quality as well as on the reconstructed vertex position. Indeed, in the relevant energy range, the reconstructed vertex of atmospheric neutrino events is found inside the instrumented volume, while the penetrating muons have a reconstructed vertex outside the detector. A clean separation of these event samples is therefore possible adjusting the background contamination to 10% or even 1% without losing too many signals. Building on the results presented above, a significance analysis is performed by generating a large number of pseudo-experiments (PE) simulating experimental measurements of event distributions in the plane of reconstructed E ν and θ, following from different possible combinations of true oscillation parameters (treated as nuisance parameters) and for each NMH hypothesis. Each PE is analysed by performing a log-likelihood fit with the oscillation parameters as free parameters and assuming both hierarchies in turn. The likelihood ratios resulting from these fits are used to calculate the separability of the two possible hierarchies. The results indicate that both pingu and orca can significantly constrain ∆m 2 23 and θ 23 beyond their current precision but are rather insensitive to the other oscillation parameters. The sensitivity to the NMH is shown in Fig. 14 . Nevertheless a fair comparison cannot be made, as pingu results are more complete than orca ones. They indeed integrate more systematic effects and preliminary particle identification (in)efficiencies. The obtained pingu sensitivity with muon neutrinos, which appears much reduced with respect to previous estimates [32, 52] are now similar to that of orca. An important fraction of the overall sensitivity of pingu arises from the cascade channel. A similar effect, still under study, is expected in the case of orca. An additional source of improvement of about 20-50% for the muon channel is also likely to come by separating events according to their measured inelasticity, as suggested in Ref. [58] . Work in this direction is in progress for both collaborations.
Study of systematics
Several independent studies [24, 29, 31, 30, 59] have addressed the impact of systematic errors on the sensitivity to the NMH with atmospheric neutrinos (mostly in the muon neutrino channel). They all lead to similar conclusions: while uncertainties on the Earth density and atmospheric neutrino flux profiles have a second order impact on the discrimination power, the uncertainty on the oscillation parameters (in particular ∆m 2 31 , θ 13 and θ 23 ) may be detrimental for the sensitivity to the NMH and must be carefully taken into account. In the following, we summarize the approach followed in Ref. [30] . The method used rely on the development of a Toy Monte Carlo, allowing to investigate the discrimination power dependence on oscillation parameter uncertainties, neutrino flux and Earth profile models, as well as detector exposure and systematic effects. Relying on the assumption of one true model hypothesis (NH or IH), a large number of test experiments is generated on an event-by-event basis, and compared with the model hypothesis, via an extended unbinned likelihood. A test statistic η is then defined as the logarithm of the likelihood ratio between IH and NH.
The η distribution is produced for each true hypothesis, NH and IH, each entry corresponding to a test experiment. The probability (pvalue) to discriminate the two hypotheses with a confidence level α is finally computed. A very large exposure of 170 Mt× year guaranteeing a p-value of ∼ 1 at the 5σ C.L. was assumed in order to focus on the impact of the model uncertainties. This impact is assessed by studying how the p-value for 3σ (or 5σ ) C.L deteriorates injecting biases.
To account for the uncertainty on oscillation parameters, each value is biased in the true hypothesis, by ±1σ from the central value, while keeping unaltered the model hypothesis. A strong dependence of the NMH discrimination power on θ 13 , θ 23 and ∆m 2 31 is observed, reaching almost no power and a ∼50% fraction of false positives for some certain combinations of parameters (e.g. • , in combination with θ 13 , θ 23 and ∆m 2 31 is found relatively weak with a maximum variation of the p-value by 16% at 3 σ C.L. This is in concordance with the fact that CP effects are smaller than 10% of the hierarchy effect, and are usually neglected in the first approximation [24] . More details about the capability of future neutrino telescopes to measure CP effect can be found in Ref. [60] .
The effect of the uncertainties on the Earth density profile [61] onto the NMH discrimination power are studied inserting independent modifications: the density is varied by an overall factor of 10%, the boundaries of each shell is shifted by 50 km, and a flat density profile is assumed between the main discontinuities. The introduced biases are larger than the known uncertainties or even unphysical, but needed to be appreciated, otherwise below the sensitivity of the statistical method used. Neither the 50 km limit shift, nor the assumption of the flat density profile gives a sizable impact on NHM discrimination power. The p-value (at 3σ ) is also almost unchanged to 0.996 (0.872) when reducing (increasing) the overall density by 10%. No impact was observed by varying the overall density factor by 1%.
When testing different models of atmospheric neutrino fluxes, the discrimination power can lower down to a p-value of ∼0.5, meaning that the shape discrepancies do alter the sensitivity to the NMH. Nevertheless it is thought that the final impact can be mitigated by using the information from a large number of bins without mass hierarchy sensitivity. In Ref. [31] , the author concludes that the ''NMH determination is rather insensitive to systematical errors'' such as the slope of the angular errors, flavour and polarity ratios of the atmospheric neutrino fluxes.
A beam option for orca
As various complications of studying the NMH with atmospheric neutrinos are avoided by counting beam related events of a specific flavour, several studies were performed in this direction [62, 63] . For what concerns muon counting experiments, an optimum baseline would be of order of 6000-8000 km in the 6-8 GeV range. Such distance roughly corresponds to that between the Fermilab and the Mediterranean Sea. In Ref. [62] , the authors estimate the NMH discrimination power of a 1 Mton orca-like detector to be of the order of 9σ , on a pure statistical ground, after one year of data taking.
An alternative study proposed in Ref. [64] focuses on an orcalike electron counting experiment receiving a neutrino beam produced in Protvino near Moscow. For such a baseline (≃ 2600 km) a clear distinction between the 2 NMH hypotheses can be made in the energy range 2-8 GeV, regardless the value of the δ CP phase: a 7σ statistical separation can be achieved in 3 years, reducing to 3σ when including 3%-4% systematics. Flavour tagging methods should be used to improve further the significance of the measurement. Finally, it is worth noticing that the Fréjus underground laboratory (Modane), an envisaged location for a future LAr detector, is only 3
• off-axis from the Protvino-orca baseline. Interesting synergies could therefore be studied.
Magnetized iron trackers
In this section the prospects of observing Earth matter effects with atmospheric neutrinos as detected by magnetized trackocalorimeters are discussed. For what concerns the NMH, as these detectors offer the capacity to distinguish between neutrinos and anti-neutrinos, they only have to demonstrate for which states the resonance occurs. This implies a low energy threshold and a large effective mass to accumulate enough statistics. The latter requirement is not met for the currently running detectors like minos, which we nevertheless briefly discuss in Section 4.1, since it still brings interesting results with the study of atmospheric neutrinos. The main future project offering some substantial sensitivity to the NMH with a magnetized calorimeter is the Indian project ino described in Section 4.2.
minos
The minos far detector is a steel-scintillator calorimeter, containing 486 octagonal planes of 2.54 cm thick steel, interleaved with planes of 1 cm thick extruded polystyrene scintillator and air gaps of 2.4 cm thickness [65] . It was primarily conceived for the study for neutrino interactions originating from the Fermilab NuMI accelerator beam. But due to the existing overburden (of 2070 m water equivalent), the 5.4 kt minos far detector can also be used to study atmospheric neutrinos. The magnetization of the detector enables the separation of ν µ fromν µ on an event-by-event basis via the study of the curvature of the produced charged muons.
The latest analysis of atmospheric neutrinos is reported in Ref. [66] . The analysis covers a full livetime of 2553 days: in total, 2072 atmospheric neutrino candidates are selected, of which 905 are contained-vertex muons, 466 neutrino-induced rock-muons and the 701 contained-vertex showers. The results of the analysis are shown in Fig. 15 , where the contour plots from the analysis of the neutrino beam are also shown to illustrate the complementarity (and possible tension) from the different analyses. The null oscillation hypothesis is disfavoured at the level of 7.8 standard deviations for neutrinos and 5.4 standard deviations for antineutrinos.
ino
The India-based Neutrino Observatory (ino) project aims to build a complete underground laboratory devoted to nonaccelerator based high-energy and nuclear physics research. The laboratory is foreseen to be located in the Bodi-West Hills of Theni District of Tamil Nadu (110 km away from the temple town of Madurai), with an overburden of approximately 1200 m of rock.
An access tunnel of length ∼2 km to reach the underground laboratory will be driven under the mountain to reach the laboratory caverns. The excavation work should last at least 1.5 years. The laboratory will host a main control room and a large hall devoted to the installation of the detectors as sketched in Fig. 16 (left panel) .
The main project is to equip the underground laboratory with a large mass magnetized iron calorimeter (ical). After a first R&D phase, the construction of the first elements of ical should happen in parallel to that of the underground laboratory, so that the first module of the detector could be installed by 2018. The ical detector will have a modular structure with three identical modules, forming a 50 kt magnetic iron calorimeter. It will consist of about 150 horizontal iron layers interspersed with Glass Resistive Plate Chambers (RPCs) acting as the active detector element (see Fig. 16 , right panel). While prototype RPCs have been successfully tested with cosmic rays, the mass production will rely on a partnership with industry.
Being made of iron, the ical detector will be magnetized with a magnetic field strength of about 1.3 T, allowing to determine the charge of muons passing though the detector. An 800 ton engineering module of the magnet will be constructed in 2014. The presence of the magnetic field is the main asset of the ical detector for the NMH problem, providing a clear distinction, on an event-byevent basis, between muon neutrinos and anti-neutrinos. On the other hand, the ical sensitivity to electrons is expected to be poor due to absorption of the electromagnetic showers in the dense iron material.
Preliminary studies of the ical sensitivity to the NMH using muon events, prior to the recent measurements of θ 13 , can be found in Ref. [59] . More recent results where the NMH sensitivity is studied with a Monte Carlo data sample folded with the detector resolutions and efficiencies, as obtained by the ino collaboration from a full Geant4-based detector simulation, are proposed in
Refs. [67, 68] . The statistical method used is that of the ∆χ 2 method: data are generated at some benchmark true values of the mixing parameters and assuming a given neutrino mass ordering; the simulated data are then fitted assuming the wrong ordering to evaluate the significance with which this wrong assumption can be disfavoured. Several uncertainties are accounted for, such as the overall flux normalization (20%), the neutrino cross-section (10%), the zenith angle dependence of fluxes (5%). The final sensitivity happens to be limited by statistics: for sin 2 θ 13 (true) = 0.1 the exclusion power can reach a level of 3σ after 15 years of data taking.
Combining results from ino and other experiments will therefore be crucial to increase the sensitivity. The sensitivity to the NMH combining the data from ino and the nova [69] and t2k [70] long-baseline accelerator experiments has been studied in Ref. [67] . According to the authors, a poor global sensitivity is expected if the ino resolutions cannot be better than 15% and 15°i n neutrino energy and direction respectively. In case of improved resolutions (σ E = 10%, 1σ θ = 10°), a sensitivity between 2σ and 3.5σ (depending on the true value of δ CP ) to exclude the wrong ordering could be achieved after 5 years of data taking. Further improvements arise when adding the data from the Double Chooz, reno and Daya Bay experiments as studied in Ref. [68] which will reduce the current uncertainties on θ 13 .The results are shown in Fig. 17 (left panel) . The plot shows ∆χ 2 for the wrong hierarchy (when the actual true hierarchy is the normal one) as a function of the livetime of the experiment and for different values of sin 2 θ 23 (true) and sin 2 θ 13 (true). For the most favourable choice of δ CP , the significance could grow up to 5 σ with 10 years of data.
For what concerns the ino sensitivity to oscillation parameters, the reader is referred to [71] , where the authors find that the values of sin 2 θ 23 and ∆m 2 32 may be determined with an accuracy of 17% and 5.1% respectively, with 10 years of data taking. In this respect, the expected performances of ino are not competitive with the coming long baseline experiments, even if they will be achieved with complementary techniques. As for the sensitivity to the θ 23 octant, the ical detector should be able to exclude maximal mixing or θ 23 value in the other octant to ≥95% C.L. only if the θ 23 is in the first octant.
Intrinsic improvements in the sensitivity of the NMH and for the measurement of the mixing parameters may arise from the handling of the hadronic component of the neutrino interaction. The response performance of ical to such hadronic components is reported in Ref. [72] , while the gain in sensitivity due to the addition of these shower events in the statistical treatment of the data is discussed in Ref. [73] .
Finally, it is worth noticing that the distance of ino from major accelerator facilities is close to the so-called ''magic baseline'' distance: cern-ino (7152 km), jparc-ino (6556 km) and ral-ino distance (7653 km).
mind
The Magnetized Iron Neutrino Detector (mind) is a proposed 25 kt iron and scintillator sampling calorimeter to be constructed together with a Liquid Argon detector in the framework of a European long baseline accelerator neutrino experiment (see Section 5) . The main goal of the detector, which is described in Ref. [14] , is to measure the charge and momentum of the muons originating from the neutrino interactions in the Liquid Argon detector. But mind has also some potential for interesting physics measurements with atmospheric neutrinos. Its performances in this domain have not really been assessed, but they may be inferred by scaling that of minos and ino.
Liquid argon detectors
Several proposals for a long baseline experiment with a far detector using the Liquid Argon (LAr) technology are proposed, both in Europe (lbno-glacier project [14] ) and in the United States of America (lbne project [74] ). The technology envisaged has been established by the pioneering icarus detector [75] . The new proposed instruments could be built following a staged approach up to 100 kt. Even though these projects mainly aim at studying the neutrino properties (including the NMH and the octant of θ 23 ) with an accelerator based neutrino beam, the excellent characteristics expected from Liquid Argon detectors offer the possibility to study atmospheric neutrinos in a novel way. Indeed, LAr detectors are known to provide excellent particle identification and far better angular and energy resolutions than iron scintillator trackocalorimeters and water Cherenkov detectors over the energy range of MeV to multi-GeV. In addition, the energy of the hadronic shower induced by the neutrino interaction can be measured thus enabling the determination of the energy of the incident (anti-) neutrinos. The physics program in the atmospheric sector includes the tau neutrino appearance, as well as the discrimination between ν µ → ν τ and ν µ → ν s oscillations where ν s stands for a 4th sterile neutrino.
However, the size of such envisaged detectors is still too modest for the studies of atmospheric neutrinos. Simulations performed by the lbne collaboration show that at least 10 years of data are required with an envisaged 34 kt detector to reach a 3 σ significance.
With the same exposure, the same significance could be achieved in the octant of θ 23 for values of sin 2θ 23 lower than ≈0.98. A key element would therefore be the possibility to magnetize such detectors so to provide them with ability to discriminate between neutrinos and anti-neutrinos, thus enhancing their sensitivity to the NMH. The performances of such a putative magnetized LAr detector are studied in [76] . The authors claim a sensitivity ranging between 3 σ and up to more than 5 σ (depending on the values of sin 2 2θ 13 and sin 2 θ 23 ) to ascertain the NMH with an exposure of 250 kt × yr. Nevertheless, to the best of our knowledge, none of the 2 projects (lbne, lbno) currently considers the magnetization of its LAr detector.
Conclusions
Atmospheric neutrinos have still a major role to play for the precise measurements of the mixing parameters and the determination of unknown quantities such as the mass hierarchy, which is required for the subsequent study of CP violation in the leptonic sector.
The proposed detectors include Iron Calorimeters, Liquid Argon and Cherenkov detectors to be placed deep underground or in natural media such as the Mediterranean abysses or the South Pole ice. Several projects include complementary studies with a future artificial neutrino beam to increase the physics reach. Even though none of these projects are firmly funded, detailed plans exist for their construction and exploitation. These rely on various Monte Carlo simulations used to establish the feasibility of the measurements, challenged by various systematic effects that must be carefully controlled.
In this context, low energy (GeV) extensions of Neutrino Telescopes could be faster and significantly cheaper than other alternatives for establishing the neutrino mass ordering with a high significance. The key parameters being the size of the detector as well as the energy and zenith angle resolutions. Current scenarios mention a construction phase to be completed around 2020 followed by several years of data taking.
In the mean time, synergies and combinations of data sets with currently running long baseline and/or reactor experiments will naturally be considered, as they could lead to anticipated interesting results, depending on the true value of the parameters.
